Background Bile acids (BAs) are post-prandial hormones that play an important role in glucose and lipid homeostasis as well as energy expenditure. Total and glycine-amidated BAs increase after sleeve gastrectomy (SG) and correlate to improved metabolic disease. No specific bile acid subtype has been shown conclusively to mediate the weight loss effect. Therefore, the objective of this study was to prospectively evaluate the comprehensive changes in mealstimulated BAs after SG and determine if a specific change in the BA profile correlates to the early weight loss response. Methods Patients were prospectively enrolled at the University of Nebraska Medical Center who were undergoing a SG for treatment of morbid obesity. Primary and secondary plasma bile acids and their amidated (glycine, G-, or taurine, T-) subtypes were measured at fasting, 30 and 60 min after a liquid meal performed pre-op, and at 6 and 12 weeks post-op. Area under the curve (AUC) was calculated for the hour meal test for each bile acid subtype.
cholesterol, and fat-soluble vitamins [5] . BAs are now recognized as amphipathic nutrient signaling hormones which activate nuclear receptors including the farsenoid X receptor (FXR), G protein coupled BA receptors (TGR5) and cell signaling pathways [5] [6] [7] . FXR regulates glucose and lipid metabolism as well as BA synthesis and transport [7] . The G protein coupled receptor TGR5 increases energy expenditure and stimulates entero-endocrine L cells to release glucagon-like peptide-1 (GLP-1) [8, 9] . Contrastingly, FXR activation in L cells decreases proglucagon expression and thus decreases GLP-1 release highlighting the important overlap in BA-stimulated FXR and TGR5 activities [10] . The collective BA action includes regulation of glucose, lipid, lipoprotein, and energy metabolism which is enhanced in the post-prandial state and an attractive mechanism for weight loss and metabolic improvements after bariatric surgery.
Most studies have found that both fasting and postprandial total BAs increase after RYGB [3] . This increase includes both primary and secondary BAs, as well as amidated BAs [11] [12] [13] . There is less consistency in the literature regarding the effect of SG on fasting BAs. Jahansouz et al. found fasting BAs significantly increased as early as one week after SG, primarily glycine-amidated BAs, and independent from hypocaloric restriction [14] . Conversely, Belgaumkar et al. found no difference in total, fasting bile acids at 6 months after surgery although there were significant changes in the bile acid profile [15] . There are limited clinical studies examining the effect of SG on post-prandial BAs. Initial reports found SG did not impact post-prandial BAs [16] . Recently, Khan et al. published BA changes in ten adolescents after SG. BA levels increased by 143.6% at 30 min after a test meal as early as one month after surgery with a significant decrease in the hydrophobicity of the BA composition. The fasting rise in BA levels after surgery correlated with elevated FGF21 expression but not directly to the weight loss outcome [17] .
There is compelling rodent data suggesting a critical role of BAs in both weight loss and changes in glucose homeostasis after SG. SG in mice increases serum BAs and the BA composition which correlates with the maximal surgical weight loss. The elevation in serum BAs after SG was independent of weight loss [18] . Ryan et al. found that lack of FXR signaling prevented post-surgical weight loss and any improvement in glucose homeostasis after SG providing strong evidence for a BA-FXR mechanism mediating surgical weight loss [19] .
Given the complex composition of the bile acid pool both in the fasting and post-prandial state, it is imperative to clinically investigate both BA profiles rigorously in order to accurately describe the changes in BAs and if there is a relationship of the post-operative BA profile to weight loss after SG. In this study, we hypothesized that SG results in an early increase in post-prandial serum BAs. We further evaluated if the post-operative change in post-prandial serum BAs correlated to the degree of post-surgical weight loss. To test this hypothesis, we prospectively evaluated a comprehensive profile of fasting and meal-stimulated BAs before and 6 and 12 weeks after SG and evaluated significant changes to the weight loss response.
Materials and methods

Subjects
Subjects were adult, morbidly obese patients who had been evaluated in a multi-disciplinary fashion and approved and consented to have SG at the University of Nebraska Medical Center (UNMC). All study procedures for this single-center prospective study were approved by the UNMC Institutional Review Board before implementation. This study was registered in ClinicalTrials.gov (identifier NCT02302677). Patients were approached and offered participation in the study using an IRB approved consent form. Enrollment was offered to consecutive patients that met inclusion criteria with a goal enrollment of 32 participants. Study inclusion criteria included subject age C19 and B70 years of age at the time of surgery undergoing a primary bariatric surgery or with a history of an adjustable gastric band which was removed two years prior to the date of enrollment. Exclusion criteria included a past medical history of a small bowel resection or right colectomy, history of cirrhosis, and current or planned use of bile acid sequestrants post-operatively. A total of 31 morbidly obese human subjects were prospectively recruited from the UNMC Bariatrics Center during the enrollment period of February 2015-November 2015. Only patients who successfully completed all three study visits were included in data presentation and analysis.
Study visits
Patients were asked to complete a meal challenge pre-operatively and at 6 and 12 weeks post-operatively following SG. All visits were conducted at the Clinical Research Center (CRC) of UNMC. All consenting subjects were instructed to fast 8 h prior a visit. The pre-operative CRC visit occurred prior to initiation of a pre-operative liquid diet. Patients were weighed at each visit at the CRC rather than the Bariatric Center to reduce weight and scale variability. Subjects were given a standardized liquid meal over 10 min (total of 100 ml; Ensure, Abbott Laboratories, Abbott Park, IL). Blood samples were taken at baseline, 30 min, and 1 h after consumption of the test meal. Medical charts of all participants were reviewed for demographics, laboratory data, medical history, and obesity-associated co-morbidities.
Surgery
Patients were placed on a liquid, whey protein diet for two weeks prior to surgery. The SG technique among the two operating bariatric surgeons at UNMC was standardized to include laparoscopic placement of three working ports, a camera port, and a laparoscopic liver retractor. The sleeve was started 6 cm from the pylorus after placement of a 36F bougie and completed with a series of re-enforced linear stapler firings. A drain was placed along the staple line of all patients, and if clinically appropriate, patients were started on a liquid diet on postoperative day #1.
Sample analysis
Serum was isolated and sent to the UNMC clinical laboratory for processing of glucose by a hexokinase/glucose-6-phosphate dehydrogenase assay and insulin by a quantitative ultrafiltration/chemiluminescent immunoassay. For other assays, serum was in a freezer at -80°C until bile acid analysis was completed. The homeostatic model assessment (HOMA) for insulin resistance (IR) was calculated as (glucose mg/dL 9 insulin) 7 405.
A Waters ACQUITY ultra-performance liquid chromatography (UPLC) system coupled to an Applied Biosystem 4000 Q TRAP quadrupole linear ion trap hybrid mass spectrometer (MS) with an electrospray ionization source was used for BA analysis. The details of the liquid chromatographic, mass spectrometric, and sample preparation conditions as well as method validation were performed as previously published for human BAs [20, 21] . The following bile acids were analyzed including: cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), lithocholic acid (LCA), ursodeoxycholic acid (UDCA), b-muricholic acid (MCA), hyocholic acid (HCA), hyodeoxycholic acid (HDCA), and their taurine (T-) and glycine (G-) amidated sub-fractions. The BA subfractions of muriDCA (MDCA), isoLCA, isoDCA, 7-oxoLCA, 12-oxoLCA, 12-oxoCDCA, 3-dehydroCA, and norDCA were also measured. All BAs concentrations including total and individual BAs refer to the sum of sulfated and unsulfated BAs. The term ''total'' refers to the sum of amidated (both G and T forms), unamidated, sulfated, and unsulfated fractions for the individual BA measured.
Statistics
All values are expressed as mean ± standard deviations. Statistical significance was determined as p B 0.05. SPSS, version 21 (IBM corp.) was used for all statistical analyses. Area under the curve (AUC) was calculated for the three meal times points (0, 30, and 60 min) according to the trapezoidal rule. Percent total weight loss (%TWL) was calculated for each subject as the pre-operative study visit weight minus the measured post-operative body weight at 6 or 12 weeks divided by the initial body weight and multiplied by 100. BMI change was calculated as the postoperative BMI for each time point minus the pre-operative study visit BMI. Statistical significance was evaluated postoperatively by comparison to the pre-operative value using a paired student's t test. Pearson's coefficient was calculated comparing BMI change to any significant bile acid change at either 6 or 12 weeks.
Results
Twenty-eight patients completed the pre-operative, 6 and 12 week post-operative study visits (90% of enrolled patients). The average patient age was 45.4 ± 12.9 years with a pre-operative BMI of 45.0 ± 6.8 kg/m 2 . 82% of patients were female. Type 2 diabetics represented 21% of the patients. There was a significant decrease in body weight, BMI, and %TWL at both 6 and 12 weeks after surgery compared to pre-op (Table 1) . We found no significant change in glucose or insulin AUC in response to a liquid test meal after surgery. Insulin resistance as measured by HOMA-IR had significantly decreased from preoperative values by the 12-week visit (pre-op: 8.88 ± 7.90, 12 weeks: 4.89 ± 4.91, p = 0.03).
As shown in Fig. 1 , fasting total bile acids at 6 weeks (5.55 ± 3.35 lM) and 12 weeks (5.59 ± 2.58 lM) postoperatively did not significantly change from pre-operative values (4.75 ± 2.35 lM). Additionally, there was also no difference in the total glycine, taurine, or unamidated fractions. We found no significant change in the fasting concentrations (including the glycine, taurine, or unamidated fractions) of CA or LCA. The total fasting CA concentration pre-operatively was 0.30 ± 0.33 lM compared to 0.34 ± 0.30 lM at 6 weeks (p = 0.60) and 0.28 ± 0.23 lM at 12 weeks post-operatively (p = 0.87). The total fasting LCA concentration pre-operatively was 0.84 ± 0.95 lM compared to 0.69 ± 0.50 lM at 6 weeks (p = 0.46) and 0.94 ± 0.71 lM at 12 weeks post-operatively (p = 0.66). Table 2 highlights all significant changes found in fasting BA concentrations after SG. At 6 weeks, fasting total CDCA (including G-CDCA), total MCA (including unamidated and G-MCA), and total HCA (including unamidated and G-HCA) significantly increased. At 12 weeks, fasting T-UDCA significantly decreased and unamidated DCA significantly increased as well as continued increased total, unamidated, and G-HCA compared to pre-op.
Unlike fasting BAs, there was a significant increase in the total BA AUC with the liquid meal test after surgery by 6 weeks post-op (418.7 ± 155.0 lM*min, p \ 0.01) which remained significantly elevated at 12 weeks post-op (423.0.7 ± 124.3 lM*min, p \ 0.01) compared to preoperative values (318.3 ± 123.0 lM*min). The increase in total BA AUC was due to a statistically significant increase in meal-stimulated glycine-amidated BAs (Fig. 2) . There was no significant change in the AUC for taurine-amidated BAs or unamidated BAs post-operatively.
We again found no significant change in post-prandial BA AUC of CA or LCA (including the glycine, taurine, or unamidated fractions). The total post-prandial CA AUC pre-operatively was 23.0 ± 24.0 lM*min compared to 31.4 ± 21.0 lM*min at 6 weeks (p = 0.17) and 29.6 ± 22.6 lM*min at 12 weeks post-operatively (p = 0.29). The total post-prandial LCA AUC pre-operatively was 52.0 ± 56.5 lM*min compared to 48.5 ± 37.6 lM*min at 6 weeks (p = 0.78) and 62.3 ± 41.5 lM*min at 12 weeks post-operatively (p = 0.44).
The significant individual bile acid changes after a 100 cc liquid test meal were very similar to the fasting post-operative changes. Total CDCA, G-CDCA, total Fig. 1 The change in the total fasting bile acid (BA) concentration after sleeve gastrectomy. The total BA is the sum of unamidated and glycine and taurine-amidated subtypes. Data presented as mean ± standard deviation (n = 28). Asterisk denotes statistical significance at week 6 and number sign at week 12 with p \ 0.05 compared to preop All fasting and meal-stimulated bile acid subtypes that significantly changed as described above were correlated to both the corresponding 6-and 12-week BMI losses. We found CDCA and HCA to significantly correlate to the weight loss response. Increased total post-prandial CDCA AUC was significantly correlated to the 6 week BMI loss (Pearson's correlation 0.404, p = 0.03). This was primarily due to the increase in G-amidated CDCA AUC as this was also significantly correlated to weight loss at 6 weeks (Pearson's correlation 0.392, p = 0.04). However, postprandial CDCA AUC was not significantly correlated to weight loss at 12 weeks post-op. Increased post-prandial G-amidated HCA AUC was significantly correlated to BMI loss at both 6 (Pearson's correlation 0.379, p = 0.005) and 12 weeks (Pearson's correlation 0.507, p = 0.006, Fig. 3) . At 12 weeks after surgery, elevated fasting G-HCA concentration was also significantly correlated to weight loss (Pearson's correlation 0.478, p = 0.01).
Discussion
In this study, we prospectively evaluated the changes in fasting and meal-stimulated BAs after SG. We found multiple different BA subtypes that changed at 6 or 12 weeks. There was a persistent increase in post-operative fasting total, unamidated and G-HCA. Post-prandial total BA, G-BA, total CDCA, G-CDCA, total DCA, G-DCA, total MCA, G-MCA, total HCA, unamidated HCA, and G-HCA AUC had all significantly increased by six weeks and stayed significantly elevated at 12 weeks after SG. Our results show a novel correlation between a clinical change in BAs after SG and the weight loss outcome. Six week post-prandial total and G-CDCA AUC significantly correlated to the 6 week BMI loss. Further, increased Fig. 2 The change in the total bile acid (BA) area under the curve (AUC) from a liquid meal test measured at 0, 30, and 60 min. The total BA AUC is the sum of unamidated and glycine and taurineamidated subtypes. Data presented as mean ± standard deviation (n = 28). Asterisk denotes statistical significance at week 6 and number sign at week 12 with p \ 0.05 compared to pre-op G-amidated HCA significantly correlated to increased weight loss at both 6 and 12 weeks suggesting an early and persistent post-prandial G-HCA change after SG may mediate a component of early surgical weight loss. While we found multiple significant increases in both fasting BA concentrations and post-pranidal BA AUC, there is inconsistency in the literature regarding the effect of SG on both fasting and post-pranidal BAs. Haluzikova et al. found no difference in fasting total BAs at 6, 12, or 24 months post-operatively [22] . Belgaumkar et al. also found no difference in total fasting bile acids at 6 months after surgery, although similar to our study there were significant changes in the fasting bile acid profile [15] . Jahansouz et al. found fasting total and glycine-amidated BAs significantly increased as early as one week after SG [14] . Although we found no difference in total fasting BAs at 6 weeks, it may be there is a more immediate effect of SG on fasting BAs that changes with increased time postoperatively. From our study, it appears that the critical BA changes after SG associated to weight loss are post-prandial. Steinert et al. found post-prandial total BAs decreased at 1 weeks with no significant changes from baseline at 3 months or 1 year post-operatively however there was no differentiation between amidated and unamidated individual BAs [16] . The extensive post-prandial BA profiling performed by Khan et al. supports our finding of significant increases in total and individual BA fractions, which are primarily hydrophilic. The inconsistency of BA findings post-SG in the literature highlights the importance of evaluating the individual components of the meal-stimulated BA pool in both unamidated and amidated forms to further our understanding of how individual BA changes may mediate post-surgical weight loss and metabolic disease improvement [23] .
CDCA is a primary BA synthesized from cholesterol in the liver. CDCA is the most potent BA agonist for FXR and an attractive mediator of the effect of SG on FXR activity. The ratio of CDCA:CA after SG increases and is associated with decreased insulin resistance [15] . We found a novel correlation in this study with increased G-CDCA AUC at 6 weeks after SG and BMI loss. Khan et al. also found a significant increase in the proportion of post-prandial CDCA of the BA pool at one month postoperatively after SG in adolescents [17] . There are compelling data in mice studies that FXR plays a critical role in the weight loss outcome after SG. Targeted disruption of FXR in mice disabled the ability of SG to reduce body weight or improve glucose tolerance [19] . Given the correlation of increased meal-stimulated CDCA AUC to BMI loss after SG, our study supports a role of CDCA and likely FXR signaling after SG in the early weight loss response.
Originally identified as a primary BA in pigs, HCA (3a, 6a, 7a-trihydroxy-5b-cholanoic acid) is a minor component of the human BA pool with one of the lowest hydrophobicity indices [24] . HCA has a high affinity for 6-a glucuronidation which markedly enhances urinary excretion and decreases toxicity [25] . HCA can be generated from a-MCA and CDCA by intestinal bacteria or by cytochrome P450 3A4 (CYP3A4) in the liver [26, 27] . HCA levels are elevated in hepatic cirrhosis and cholestasis [28] . Conversion of CDCA to HCA is mediated by enhanced CYP3A4 action in cholestatic disease catalyzing hydroxylation of the BA and increasing hydrophilicity and reducing toxicity [29, 30] . HCA is also cytoprotective against hydrophobic BAs [31] . Very little is published about the affinity of HCA to either FXR or TGR5. However, similar BAs like MCA, with a 6-hydroxyl group, are considered FXR antagonists and have reduced affinity for the TGR5 receptor [32, 33] . Although we found increased HCA consistently correlated with improved post-surgical weight loss, we feel it is plausible that elevated mealstimulated HCA does not mediate the surgical weight loss but is a sensitive surrogate marker of an augmented BA pool, and in particular increased CDCA levels post-operatively which we hypothesize may mediate post-surgical weight loss.
We found a significant increase in meal-stimulated DCA after SG at both 6 and 12 weeks post-operatively. LCA and DCA are potent agonists of the TGR5 receptor. BA stimulation of TGR5 receptors located on enteroendocrine L-cells stimulates GLP-1 secretion. TGR5 targets are increased after gastric bypass, but not with caloric restriction alone [11] . Further, gastric bypass surgery induced increased post-prandial total BAs that were significantly associated with increased peak GLP-1 but not insulin secretion or energy expenditure [11] . Conversely, Belgaumkar et al. found that SG significantly decreased fasting DCA concentrations at 6 months which correlated with decreased fasting insulin [15] . The different findings Fig. 3 The positive correlation between glycine-amidated HCA (hyocholic acid) area under the curve (AUC) from a liquid test meal and BMI loss at 12 weeks after sleeve gastrectomy between these studies may be related to the time points studied post-operatively or the inclusion in this study of both sulfated and unsulfated BA forms.
This study is a single-center prospective study of a heterogeneous patient population of not only patient gender, age, severity of BMI and ethnicity, but also metabolic disease, all of which are factors that may impact the change in the BA pool post-operatively. Further, we did not have a dietary control group. We cannot distinguish in this study if the effect of a SG independently changes the bile acid pool or if these observed effects are the results of weight loss or post-operative dietary changes. However, Jahansouz et al. found a significant increase in the total BA and amidated BA pool after SG compared to a decrease in the unamidated BA pool after a hypocaloric diet, suggesting that the surgery itself independently affects the BA pool and not dietary or weight loss changes [14] . This study also describes only early weight loss changes. Additional follow-up will determine if the BA changes detected are persistent and continue to correlate to mid-term and longterm weight loss after SG.
In conclusion, in this prospective observational study, we found two changes in BA subtypes after SG which correlate with the early weight loss response. This study presents compelling data that a SG produces a number of significant changes in the BA pool with specific changes in CDCA and HCA correlating to the weight loss response. Given the high affinity of CDCA to FXR and that HCA is an epimerization product of elevated CDCA, it is possible that augmented meal-stimulated CDCA and FXR signaling play a role in the early weight loss after SG. Further clinical and mechanistic studies will be required to determine if the correlation of increased CDCA and HCA after SG to weight loss is mediated by enhanced FXR activity with down-stream effects on glucose and lipid metabolism as well as energy expenditure.
